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ABSTRACT
Caseinolytic protease A (ClpA), a member of the Hsp 100 family of heat shock proteins, is the
regulatory subunit of the E. coli protease ClpAP. As such, it recognizes proteins targeted for
degradation by the cell and uses the energy of ATP hydrolysis to unfold substrates and
translocate them to ClpP for proteolysis. ClpA's in vivo contribution to cellular maintenance is
small, but it serves as an ideal model for energy-dependent molecular machines.
The goal of this work is to describe the energetics of ClpA's interactions with both soluble and
membrane-bound protein substrates. Green fluorescent protein modified with an 11-amino acid
tag that facilitates ClpA recognition (GFP-ssrA) is used as a model soluble substrate, and ssrA-
modified acetylcholine receptor (AChR-ssrA) is used as a model membrane-bound substrate.
The structural and spectroscopic properties of GFP have been previously described. Here, in
order to determine the minimum amount of energy needed to unfold this protein, we present two
estimates of the free energy of unfolding (AGunfolding) for GFP-ssrA derived from thermal and
chemical denaturation data. We find that GFP-ssrA is highly kinetically stable (tequil > 600 hrs.)
and that AGunfolding = 0-2 kcal/mol. In addition, we show that ClpA retains its enzymatic activity
under conditions which support single-molecule patch-clamp electrophysiology. These
observations made it possible to carry out pilot studies for a novel electrophysiological unfoldase
assay.
ClpA may be able to actively extract protein substrates from the lipid bilayer. We are currently
testing this hypothesis, and we are exploring ways to observe the process of substrate removal in
real-time. The proposed electrophysiological unfoldase assay, once optimized, could be used to
elucidate the mechanistic details of ClpA's interaction with membrane-bound substrates. We are
specifically interested in determining the timescale of substrate removal and determining
whether or not the substrate removal process occurs in one high-energy step or several low-
energy steps.
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Background and Significance
Caseinolytic protease A (ClpA), the ATP-dependent unfoldase that is the subject of this
proposal, is the regulatory subunit of the protease ClpAP (1-3). CIpAP is one of several energy-
dependent proteases in E. coli (4). This enzyme complex was discovered when cell lysates
devoid of Lon, the first known ATP-dependent protease in E. coli, continued to exhibit ATP-
dependent casein degradation activity (1). ClpAP works, along with other energy-dependent
proteases, to clear the cell of misfolded proteins, overproduced proteins, and some uncomplexed
proteins (4). It is non-essential for cells growing under normal conditions, but the role of the
protease becomes more important when cells are exposed to stresses, such as elevated
temperature (4). The individual contribution of ClpAP to cellular maintenance is small, but its
structure and function have been the targets of intense scrutiny because of its relevance as a
model for energy-dependent molecular machines.
ClpA, a member of the Hsp 100 family of heat shock proteins, forms a hexameric
complex that is structurally and functionally homologous to the 19S regulatory subunit of the
26S proteosome (5). Each subunit is a globular protein of approximately 84 kDa (6). Both the
association of these subunits into the functional hexamer and the binding of ClpA to the
proteolytic component ClpP require the binding of ATP (Figure 1). ATP hydrolysis is not
required (6, 7).
ClpP, though functionally linked to ClpA, has very little structural or sequence homology
to the heat shock proteins and is not included in the same family (5). A tetradecamer in its native
form, ClpP has the ability to cleave short peptides (-5 aa) (8). Degradation of longer peptides
requires the binding of ATP or ATPyS. Proteolysis requires ATP hydrolysis and cannot be
accomplished in the absence of ClpA (6, 8). A possible explanation for these observations is that
the peptidase site in ClpP is inaccessible to large substrates until the energy of ATP hydrolysis
triggers a conformational change that causes the peptidase site to be unmasked or enlarged (7).
ClpP monomers have a molecular weight of approximately 21 kDa (7).
A combination of kinetic and structural (9) work has provided insight into the general
mechanism of the interaction of ClpA with targeted protein substrates. Attachment of a
degradation tag, such as the 11-amino acid ssrA tag (AANDENYALAA), is sufficient, but not
necessary, for recognition by ClpA (10). The mechanism of ClpA's interaction with substrates
consists of three major steps: substrate binding and recognition, substrate unfolding, and,
substrate translocation to ClpP or solution (11-13) (Figure 2).
Data from steady-state experiments carried out on ClpAP (14-17) and the homologous
protease system ClpXP (18-20) have given basic information, such as V.ma, keat, and KM for ATP
hydrolysis. Some have also gone further, addressing the modulation of these parameters in
response to various substrates. Specifically, data have been presented that suggest that local
stability near the degradation tag is more important than global stability in determining the
ability of a protein to be degraded (16, 20), that the overall rate of ATP hydrolysis is the same for
proteins of various thermodynamic stabilities (19), and that the partitioning of the observed rate
of ATP hydrolysis between unfolding and translocation shifts with substrate stability (20).
Despite this wealth of information, little is known about details of individual chemical
steps in ClpA-catalyzed protein unfolding. Even less is known about the role of subunit
interactions in this process. The experiments described below are designed to address how ClpA
uses the energy of ATP hydrolysis to do work on substrate proteins. Topics of particular interest
include how much energy is needed to fully process a targeted substrate, how efficient ClpA is as
a molecular machine, and whether soluble and membrane-bound substrates are processed by the
same mechanism.
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Figure 1. ClpA and ClpAP Complex Formation. Binding, but not hydrolysis, of ATP (or
ATPyS) is required for ClpA hexamerization and ClpAP complex formation. ClpA is only
active in its hexameric form. Adapted from Gottesman et al.(l1).
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Figure 2. ClpAP-catalyzed Protein Degradation. ClpA recognizes all protein substrates that
carry the 11-aa SsrA degradation tag. ClpA uses the energy of ATP hydrolysis to unfold and
translocate these substrates to ClpP for proteolysis. Proteolysis is not energy-dependent.
Adapted from Gottesman et al. (11).
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Chapter 1
Energetics of Unfolding a Soluble Substrate: GFP-ssrA
1.1 Introduction
ClpA, the regulatory portion of the E. coli proteolytic complex ClpAP, assists the cell in
managing damaged proteins and short-lived regulatory proteins (5, 21). Protein substrates
targeted to ClpA are processed by a mechanism that consists of three major steps: substrate
binding and recognition, substrate unfolding, and substrate translocation (11-13). ClpA requires
ATP to perform the work of unfolding and transporting targeted substrates. The details of the
mechanism by which ClpA uses the free energy of ATP hydrolysis, however, have yet to be
elucidated.
Experiments designed to provide insight into energy use by ClpA are described below,
with modified green fluorescent protein (GFP) used as a model soluble substrate. GFP, while
not an in vivo substrate of ClpA, is a convenient substitute for use in vitro assays because its
concentration can be monitored by several analytical methods, including fluorescence.
In its native state, GFP contains a chromophore, formed by residues Ser 65, Tyr 66, and
Gly 67, which requires only oxygen to fluoresce (22). This unique spectroscopic handle gives
GFP its characteristic bright green appearance and facilitates detection of the protein in solution.
It also allows one to monitor structural changes in GFP. As GFP is unfolded, the local
environment of the chromophore becomes destabilized, and fluorescence is quenched. This fact
is exploited in the experiments described below.
GFP-ssrA, the variant of GFP used experimentally, is modified by the addition of 11
amino acids to the C-terminus of the protein. These 11 amino acids, AANDENYALLA, are
referred to as the ssrA sequence. The ssrA modification can be used to make both endogenous
and exogenous proteins substrates for ClpA (23, 24).
The ultimate goal of this project is to understand ClpA. To facilitate accomplishment of
this goal, the thermodynamic and kinetic stabilities of GFP-ssrA have been measured. These
values will be used compare the parameters of spontaneous unfolding of GFP-ssrA with those of
ClpA-catalyzed unfolding of the same substrate.
1.2 Materials and Methods
1.2.1 Overexpression and Purification of ClpA
The pET9a overexpression vector carrying clpA was a generous gift from Profs. Robert
Sauer and Tania Baker (MIT). The M169T mutation, which provides both enhanced solubility
and enhanced levels of full-length protein expression (25, 26), was introduced into the plasmid
using the QuikChange Site-Directed Mutagenesis Kit protocol (Stratagene), and the sequence of
the modified plasmid was confirmed.
ClpA M169T, henceforth referred to as ClpA, was expressed in E. coli strain
BL21/DE3/pLysS. Aliquots of starter culture derived from a single colony were used to seed
liter-scale growth in LB medium containing 30 gg/mL kanamycin. Cells were grown at 37 'C
until OD600 = 0.6. Each volume of cells was then induced with isopropyl-P-D-
thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cells were grown at 25 'C for 3
hours post-induction and harvested by centrifugation (10 min @ 6,000 x g, 4 'C). Cell pellets
were frozen in liquid nitrogen, and stored at -80 OC.
ClpA was purified in the method described by Maurizi et al.(8) with the following
modifications. Cells were lysed by sonication. After ammonium sulfate precipitation, ClpA-
containing pellets were resuspended in buffer and loaded onto a Macro-Prep High S support
(Bio-Rad) cation exchange column. A 50 mL linear gradient from 0.1 to 1 M KCl was applied.
ClpA was eluted at approximately 0.6 M KC1.
Throughout the purification, the concentration of protein was monitored using
absorbance at 280 nm. Enzymatic activity was determined using the NADH-coupled ATPase
assay (27). Briefly, this assay permits the indirect measurement of ATP hydrolysis by linking
the reaction to NADH oxidation via the glycolytic enzymes pyruvate kinase and lactate
dehydrogenase. The coupled reaction is monitored by absorbance (@ 340 nm), which decreases
as NAD+ is produced.
ATPase assays were performed at 37 'C with 0.2 lgM ClpA 6 in 50 mM HEPES, pH 7.5,
300 mM NaC1, 30 mM MgCI2, 0.5 mM DTT, 10% glycerol, 2.5 mM ATP, 0.23 mM NADH, 7.5
mM phosphoenolpyruvate, 19 U/mL pyruvate kinase (from rabbit muscle, Sigma), and 21 U/mL
lactate dehydrogenase (from rabbit muscle, Sigma), in the presence or absence of 0.1 liM ClpP14.
The specific activity of the prepared ClpA is -170 gLmol/hr/mg ClpA. This value is significantly
higher than the activity of -60 glmol/hr/mg ClpA reported in the literature (8, 28), but it is
comparable to the specific activity obtained by other members of the Licht Group (Laura
Jennings, Mary Farbman, Amy Weeks; unpublished data).
1.2.2 Overexpression and Purification of ClpP
A plasmid for expression of ClpP with a C-terminal His 6 tag was kindly provided by
Profs. Robert Sauer and Tania Baker (MIT). ClpP-His 6, henceforth referred to as ClpP, was
expressed in E. coli strain DH5a/QE704/KI175. Aliquots of starter culture derived from a single
colony were used to seed liter-scale growth in 2YT medium containing 100 gg/mL ampicillin.
Cells were grown at 370 C until OD 600 = 0.5. Each volume of cells was then induced with IPTG
to a final concentration of 1 mM. Cells were grown at 25 'C for 3 hours post-induction and
harvested by centrifugation (10 min @ 6,000 x g, 4 °C). Cell pellets were frozen in liquid
nitrogen, and stored at -80 'C.
ClpP was purified in the method described by Kim et al. (18) and stored concentrated at -
80 'C. Concentrations were monitored throughout the purification using absorbance at 280 nm.
Enzymatic activity was determined using the Suc-Leu-Tyr-(7-amino-4-methyl)coumarin (AMC)
peptide degradation assay (8, 29-31). Hydrolysis of Suc-Leu-Tyr-AMC, a fluorogenic substrate,
generates AMC, an amine product whose absorption and emission spectra exhibit longer
wavelengths than the uncleaved peptide (Ex. = 346 nm; Em = 442 nm @ pH 7.0) (32). The
specific activity of the prepared ClpP is 7 ± 0.5 [Lmol/min/•pmol ClpP. This value is comparable
to the activity of 3 ± 0.5 p.mol/min/gpmol ClpP reported in the literature (28).
1.2.3 Overexpression and Purification of GFP-ssrA
A plasmid expressing GFP containing both the S65G and S72A mutations that enhance
the intensity of green fluorescence (33) and a C-terminal ssrA tag was kindly provided by Prof.
Soren Molin (34). This protein (GFP-ssrA) was expressed in E. coli strain JB401. Aliquots of
starter culture derived from a single colony were used to seed liter-scale growth in 2YT medium
containing 100 [tg/mL ampicillin. Cells were grown at 37 'C until OD 600 = 0.5. Each volume of
cells was then induced with IPTG to a final concentration of 1 mM. Cells were grown at 25 oC
for 3 hours post-induction and harvested by centrifugation (10 min @ 6,000 x g, 4 °C). Cell
pellets were frozen in liquid nitrogen, and stored at -80 'C.
GFP-ssrA was purified in the method described by Yakhnin et al. (35) and stored
concentrated at 4 "C. Total protein concentration was monitored throughout the purification
using the Bradford assay (36), and the concentration of the final fraction was verified by
absorbance at 280 nm. In addition, the relative amount of native GFP-ssrA in each fraction was
determined by fluorescence (Ex. = 460 nm, Em. = 540 nm; 25 °C). The specific activity of the
prepared GFP-ssrA is approximately 600,000 relative fluorescence units (RFU) /mg protein.
1.2.4 Chemical Denaturation of GFP-ssrA
In a micro-well plate, a series of 100 giL-samples were prepared by diluting a 10X
concentrated protein solution into seventeen (17) different guanidinium hydrochloride (GdnHC1)
concentrations (5.4 jtg GFP-ssrA in 20 mM Tris-HC1, 1 mM EDTA, 0 - 8 M GdnHC1, pH 8.0).
After preparation, samples were incubated at 25 'C, and fluorescence data (Ex. = 460 nm, Em. =
540 nm) were taken. Samples were covered and stored in darkness between timepoints to
minimize buffer evaporation and to reduce quenching of the fluorophore by ambient conditions.
1.2.5 Thermal Denaturation of GFP-ssrA
In a 500 g.L quartz cuvette, a single protein solution (2.12 PM GFP-ssrA in 20 mM Tris-
HC1, 1 mM EDTA, pH 8.0) was incubated for 3 min. at 20, 40, 60, 65, 70, 72, 74, 76, 78, and 80
'C, respectively. Absorbance spectra (250 - 600 nm) were collected at each temperature.
1.2.6 Enzymatic Degradation of GFP-ssrA
Degradation assays were performed at 37 'C with 10 nM ClpA6 , 5 nM ClpP14, and 0-10
jiM GFP-ssrA 50 mM HEPES, pH 7.5, 450 mM KC1, 20 mM MgC12, 0.5 mM DTT, 10%
glycerol, 10 mM ATP. Fluorescence loss (Ex. = 467 nm, Em. = 511 nm) due to GFP-ssrA
unfolding was monitored as a function of time. Data were analyzed to extract initial rates.
1.3 Results
1.3.2 Chemical Denaturation of GFP-ssrA
Monitoring the rate of approach to equilibrium under denaturing conditions is one way to
assess the kinetic stability of a protein. A slow rate of approach to equilibrium is consistent with
existence of a high transition-state energy barrier (AGt), or activation energy (Ea), for the
reaction, while a rapid approach to equilibrium indicates a low-energy barrier to state change. It
is important to note that the activation energy of a reaction is an intrinsic property of the highest-
energy transition state (i.e., rate-limiting step) along the reaction coordinate. Its value remains
constant unless access to the transition state is facilitated by a catalyst, such as an enzyme.
Here, fluorescence endpoint values were collected over several days and used to create a
series of curves that illustrates how the environment of GFP-ssrA's fluorophore changes in
response to the concentration of the denaturant GdnHCI (Figure 3). These data suggest that
GFP-ssrA is highly kinetically stable (Figures 4a-4b). Indeed, even at GdnHCI concentrations
above 4M, the approach to equilibrium takes place on the timescale of tens of hours (Figure 4b;
Figure 5).
The kinetic data shown could also be analyzed, via a chevron plot, to give information
about the thermodynamic stability of GFP-ssrA. A chevron plot is the biphasic graph of a
protein's approach to equilibrium, also known as the observed relaxation rate (k obs), as a function
of the concentration of disruptive reagent (3 7). One can get an estimate of a protein's stability in
water by linearly extrapolating kobs to a denaturant concentration of zero. This method is
commonly used to extract information, such as the unfolding midpoint, from denaturation data
(38).
1.3.2 Thermal Stability of GFP-ssrA
Thermal denaturation was used as an alternate method of obtaining information about the
thermodynamic stability of the model substrate. GFP-ssrA was incubated at a range of
temperatures (20 - 80 oC), and absorbance spectra were collected at each temperature. The
resultant series of spectra show, qualitatively, how the environment of GFP-ssrA's fluorophore
changes in response to increasing temperature. They also, when plotted as a function of
wavelength, reveal an isosbestic point at 381 nm (Figure 6). The convergence of multiple
absorbance spectra at a single wavelength is indicative of a two-state transition.
GFP-ssrA Fluorescence vs. Denaturant
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Figure 3. Chemical Denaturation of GFP-ssrA. GFP-ssrA unfolding was measured, as a
function of GdnHCl concentration, under the following conditions (2 gLM GFP-ssrA in 20 mM
Tris-HC1, 1 mM EDTA, 0 - 8 M GdnHC1, pH 8.0). After preparation, samples were incubated
at 25 'C, and fluorescence data (Ex. = 460 nm, Em. = 540 nm) were collected at the times
shown. Each data point represents the average value from three repetitions. Error bars represent
the standard deviation of the measurements.
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Figure 4a. Kinetic Stability of GFP-ssrA at Low Denaturant Concentrations. GFP-ssrA
unfolding was measured, as a function of GdnHCl concentration, under the following conditions
(2 giM GFP-ssrA in 20 mM Tris-HC1, 1 mM EDTA, 0 - 8 M GdnHC1, pH 8.0). After
preparation, samples were incubated at 25 °C, and fluorescence data (Ex. = 460 nm, Em. = 540
nm) were collected at the times shown. Each data point represents the average value from three
repetitions. Error bars represent the standard deviation of the measurements. Data are the same
as in Figure 3.
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Figure 4b. Kinetic Stability of GFP-ssrA at High Denaturant Concentrations. GFP-ssrA
unfolding was measured, as a function of GdnHCl concentration, under the following conditions
(2 gLM GFP-ssrA in 20 mM Tris-HCl, 1 mM EDTA, 0 - 8 M GdnHC1, pH 8.0). After
preparation, samples were incubated at 25 'C, and fluorescence data (Ex. = 460 nm, Em. = 540
nm) were collected at the times shown. Each data point represents the average value from three
repetitions. Error bars represent the standard deviation of the measurements. Data are the same
as in Figure 3.
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Figure 5. GFP-ssrA Rate of Convergence to Equilibrium. Using the data from Figure 3, a
midpoint values for each time series was calculated. Each data point represents the average
mean GdHCl concentration of three repetitions. Error bars represent the standard deviation of the
means. The data were fit to a double exponential using Prism GraphPad. The half-lives are t/2 =
14 hrs. and tl/2 = 440 hrs. for the fast and the slow components, respectively.
Further evidence of a two-state transition is shown in Figure 7. A subset of the
absorbance data was used to generate and unfolding curve for GFP-ssrA. This unfolding curve
clearly shows a single, major transition in absorbance at 345 K (-72 'C). It also demonstrates
that GFP-ssrA is highly resistant to thermal unfolding, as expected (22, 39).
These data, because the protein sample is already at equilibrium at the point of data
collection, cannot be used to determine kinetic parameters. They can, however be used to
calculate the free energy (AG) of the unfolding reaction, a thermodynamic property. AG, unlike
AG +, varies with changes in reaction conditions, such as increased temperature or denaturant
concentration. This is because AG, the difference in energy between the folded and unfolded
states, is directly related to the equilibrium constant (Keq) of the reaction. Detailed analysis and
interpretation of the temperature denaturation curve is presented in the Discussion section.
1.3.3 Kinetics of GFP-ssrA Degradation by CIpAP (Fluorescence)
A steady-state experiment yielding the kinetic parameters of GFP-ssrA degradation by
ClpAP was conducted. As expected, ClpAP catalysis accelerated the rate of GFP-ssrA
fluorescence loss by several orders of magnitude (Figure 4a). A nonlinear least-squares fit of the
data reveals a sigmoidal dependence of the unfolding rate on GFP-ssrA concentration, with a
Hill coefficient of 2.0 ± 0.5, a Vmax of 13 ± 2 ýpM GFP/min/iM ClpA 6P1 4), and a KM of - 3 gtM
GFP (Figure 8). The values for KM and Vmax are comparable to those reported in the literature
(17, 40). However, GFP-ssrA-dependent cooperativity is not observed in those cases.
1.3.4 Energetics of Nucleotide Degradation by ClpA
A steady-state experiment yielding the kinetic parameters of ClpA's basal ATPase
activity was conducted (Figure 9). A nonlinear least-squares fit of the data reveals a sigmoidal
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Figure 6. Thermal Denaturation of GFP-ssrA. A single protein solution (2.12 RLM GFP-ssrA in
20 mM Tris-HC1, 1 mM EDTA, pH 8.0) was incubated for 3 min. at one of ten temperature
points (20-80 'C). Absorbance spectra (250 - 600 nm) were collected at each temperature.
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Figure 7. Thermal Denaturation Curve for GFP-ssrA. A thermal denaturation curve for GFP-
ssrA was constructed using data from Figure 5. Each point corresponds to the absorbance value
of the protein solution at each temperature (,ax = 498 nm).
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Figure 8. Enzymatic degradation of GFP-ssrA by ClpAP. The rate of GFP-ssrA degradation by
ClpAP was measured, as a function of GFP-ssrA concentration, under the following conditions
(10 nM ClpA 6, 5 nM ClpPl4, and 0-10 ýpM GFP-ssrA in 50 mM HEPES, pH 7.5, 450 mM KC1,
20 mM MgC12, 0.5 mM DTT, 10% glycerol, 10 mM ATP, 37 'C). Loss of fluorescence was
monitored with excitation @ 467 nm and emission @ 511 nm.
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Figure 9. Basal ClpA ATPase Activity at Physiological Temperature. The rate of ATP
hydrolysis by CIpA was measured, as a function of ATP concentration, under the following
conditions (0.2 giM ClpA6 in 50 mM HEPES, pH 7.5, 300 mM NaCI, 30 mM MgC12, 0.5 mM
DTT, 10% glycerol, 2.5 mM ATP, 0.23 mM NADH, 7.5 mM phosphoenolpyruvate, 19 U/mL
pyruvate kinase, and 21 U/mL lactate dehydrogenase, 37 'C). Absorbance was monitored @
340 nm. Each data point represents the average value from three repetitions. Error bars
represent the standard deviation of the measurements.
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dependence of the ATPase rate on ATP concentration, with a Hill coefficient of 2.4 ± 0.2, a Vmax
of 2.7 ± 0.1 9Imol ATP/min/mg ClpA, and a Km of 1.3 ± 0.1 mM ATP. The observed pattern of
ATP-dependence is consistent with cooperative behavior between the two distinct sites of ATP
hydrolysis within ClpA (8, 41).
The complementary experiment exploring how ClpA's rate of ATP hydrolysis changes in
the presence of saturating amounts of GFP-ssrA was not conducted. Comparison of these data
with results from other members of the Licht Group, however, suggest that ClpA consumes
approximately two-fold less ATP independently as it does when in complex with ClpP and in the
presence of GFP-ssrA (17). This observation is consistent with other reports that suggest the rate
of ATP hydrolysis by ClpA increases in the presence of protein substrates (8, 9).
1.4 Discussion
We have shown preliminary data regarding the stability of GFP-ssrA. These data, when
analyzed, give us insight into the kinetic and the thermodynamic properties this model soluble
substrate. The chemical denaturation and thermal denaturation data collected, more specifically,
were used to make empirical determinations of the unfolding free energy (AG) for GFP-ssrA.
The process for determining this thermodynamic parameter is described below.
Chemical denaturation data are often conveniently analyzed to reveal accurate
quantitative descriptions of both the kinetic and the thermodynamic stabilities of a protein of
interest. GFP-ssrA, however, is very stable, and its unfolding kinetics are extremely slow
(Figures 4a-4b; Figure 5). Equilibrium, for all concentrations of denaturant tested, is approached
at t > 700 hrs. (Figure 5). Fluorescence data from t = 752 hrs. were used to calculate the change
in free energy of unfolding for GFP-ssrA in water (AG = 2.2 ± 0.1 kcal/mol; Figure 10). This
estimate is comparable to values of AG(37 'C) reported in the literature (AG = 2.6 ± 0.2 kcal/mol
(42, 43)).
Thermal denaturation was used in order to make a second estimate of the thermodynamic
stability of GFP-ssrA. These experiments took advantage of the observation that denaturation of
GFP-ssrA leads to a loss of absorbance in the blue region of the spectrum (22). The absorbance
at 498 nm of a dilute solution of GFP-ssrA in aqueous buffer was monitored over a wide
temperature range, and the change in absorbance was plotted as a function of temperature to give
a temperature denaturation curve (Figure 6). This plot, which is roughly sigmoidal in shape, was
analyzed in Origin (OriginLab, Northhampton, MA, USA) using non-linear least squares
analysis. The equation used to fit the data is shown below (44, 45):
y = {bf + mfT + (b, + mrnT) exp [(-AHm(l - T/Tm))/RT]}/ {I +exp [(-AHm(I - T/Tm))/RT]} Eq.1
Values for the midpoint of the transition from the native to denatured states, or melting
temperature (Tm), and the change in enthalpy at the melting temperature (AHm) were determined,
and the calculated parameters are shown in Table 1. The melting temperature (Tm) converted to
Table 1. Thermodynamic Parameters for Thermal Unfolding of GFP-ssrA
Parameter Symbol Definition Calculated Value
P5 AHm change in enthalpy for unfolding at T, 166 ± 14.0 (kcal/mol)
P6 T, I melting point 345 ± 0.300 (K)
Celsius is approximately 72 'C. This value is consistent with a highly stable protein, but it is
significantly less than the reported value of 76 'C for wtGFP (42).
Analysis of thermal denaturation data is straightforward, however, one must have
accurate values for the change in heat capacity (ACp) in order to calculate an accurate estimate of
AG. In the limit that the change in heat capacity upon unfolding is negligible (ACp=0), one
obtains a maximum theoretical value for the unfolding free energy. This often, however, is not a
reasonable assumption because the folded and denatured states of a protein are expected to have
significantly different heat capacities. Using the empirically-determined values of AHm and Tm
(Table 1), estimates of AG for GFP-ssrA unfolding were calculated according to Equation 2.
AG(T) = AHm (1 - T/Tm) - ACp[(Tm _T) + (T In(T/Tm)] Eq. 2
When ACp is estimated as 0 kcal/mol-K, the calculated value of AG(298 K) is 21 - 24 kcal/mol.
Alternately, when ACp is estimated as 30 kJ/mol-K (46) (- 7 kcal/mol-K), the calculated value of
AGunfold is approximately 0 kcal/mol. This estimate of the free energy of GFP-ssrA unfolding is
qualitatively consistent with
the AG calculated using GdnHCI denaturation. It is also comparable to recently reported values
of this thermodynamic parameter (42, 43).
Future Work
In addition to obtaining information about the model substrate GFP-ssrA, we have also
gathered preliminary data on the energetics of ATP hydrolysis by ClpA. Analysis of these data
show that ClpA expressed and purified in the Licht Group exhibits high ATPase activity and that
the rate of ATP hydrolysis likely increases to compensate for the additional energy required to
process GFP-ssrA. Additional experiments are required, however, in order to make an accurate
determination of ClpA's efficiency as an unfoldase (i.e., the ratio of the substrate unfolding free
energy versus the amount of energy provided by ClpA via ATP hydrolysis). Such experiments
include determining ClpA's rate of ATP hydrolysis in the presence of GFP-ssrA, determining the
rate of GFP-ssrA unfolding by ClpA in the absence of ClpP. One might also consider improving
the accuracy of the experimentally determined value of the unfolding free energy for GFP-ssrA
by using differential scanning calorimetry to make a direct measurement of heat capacity (AC,)
(45, 47).
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Figure 10. Calculation of the Thermodynamic Stability of GFP-ssrA from Chemical
Denaturation Data. Using data from Figure 3 ([GdnHCl] = 0.5 M-1.5 M; t = 752 hrs.), a series
of free energies were calculated from the mean fluorescence signal at each denaturant
concentration (solid line). Each data point represents the average value from three repetitions.
Error bars represent the standard deviation of the measurements. The equation for the fit of these
values is shown. An estimate of the unfolding free energy of GFP-ssrA was found by linear
extrapolation to ([GdnHCl] = 0 M).
Chapter 2
Energetics of Unfolding a Membrane-Bound Substrate: AChR-ssrA
2.1 Introduction
ClpA, like the related protein FtsH (48, 49), may be able to actively extract protein
substrates from the lipid bilayer. To test this hypothesis, an assay using single-molecule patch-
clamp electrophysiology to detect substrate degradation, was designed, and mouse nicotinic
acetylcholine receptor (AChR) was selected as a model membrane-bound substrate for this
assay.
Wild-type (wt) AChR, like GFP, is not an in vivo substrate of ClpA, but it is a reasonable
choice for monitoring the unfoldase activity of ClpA because its structure is known (50, 51), and
its electrophysiological properties are well-defined (52). Originally discovered as the target of
the paralyzing neurotoxin curare, AChR is now known as a post-synaptic receptor of the
neurotransmitter acetylcholine (53, 54). As such, it plays a major role in the propagation of
electrical signals in the body (53).
Functional adult AChR is pentameric and is composed of four distinct polypeptide
subunits (a2:j3:8:) (50, 51, 53-55). Each subunit is structurally important, but a-AChR has the
additional distinction of containing both of the two known ACh binding sites on AChR (50, 51,
53-55). Since AChR will not open in the absence of bound ligand, one would expect the
channel's open probability to decrease in the event of a-AChR removal by ClpA. For this
reason, the ssrA tag, which promotes ClpA recognition, was added to the C-terminus of the alpha
subunit. C-terminal, rather than N-terminal, tag placement was necessary because the C-
terminus alone points outward into the extracellular medium, allowing interaction with the
unfoldase (50, 51, 53).
ClpA and AChR reside in different environments, thus, the conditions for optimal AChR
activity and optimal ClpA activity are different. The first step in the development of the
electrophysiological unfoldase assay, therefore, was to assess the levels of ClpA's ATPase and
unfoldase activities under conditions known to support single-molecule patch-clamp
electrophysiology. The second step in assay development was to verify that AChR-ssrA could
be successfully expressed in heterologous cells and that the addition of the ssrA tag to the a-
subunit would not disrupt the channel's function. Finally, correct interpretation of data
generated from the unfoldase experiments requires that we know whether or not ATP elicits any
enzyme-independent changes in the system. Therefore, the responses of both wtAChR and
AChR-ssrA to various concentrations of ATP were measured.
Characterization of the channels' behavior in the presence of ATP is an especially
important control because earlier work suggests that extracellular ATP may activate AChR (56-
59). Igusa et al. report that the frequency of single-channel currents increases in a concentration-
dependent fashion when cultured Xenopus laevis muscle cells are exposed to 0.1-10 AiM ATP in
the presence or absence of 0.1 nM ACh (56). The same group reports that the frequency greatly
decreases at nucleotide concentrations greater than 10 jiM ATP (56). In a later study, Eterovi6 et
al. report that current amplitudes from whole-cell recordings of AChR derived from mouse and
Torpedo californica increase in a concentration-dependent fashion when transiently transfected
Xenopus oocytes are exposed to 10-1,000 AiM ATP in the presence of 0.6 AM ACh (57). The
same study reports that ATP alone elicits no measurable effect on current amplitude (57). Lu et
al. subsequently reported that the frequency of agonist-independent events increases in the
presence 10 jiM ATP and that the open probability of single-channel currents increases in a
concentration-dependent fashion when rat skeletal muscle cells are exposed to 0-500 AiM ATP in
the presence of 0.1 jIM ACh (58). The same study reports neither the mean open time nor the
single-channel conductance is altered by the presence of 500 jiM ATP (58). Finally, in a 1992
study, Mozrzymas et al. report that ATP-activated single-channel currents exhibit a shorter mean
open time than ACh (200 nM)-activated single-channel currents from freshly dissociated rat
skeletal muscle fibers (59).
The fact that several research groups give differing accounts of the specific effects
reported for ATP modulation of AChR gating properties is consistent with the fact that the
environment of ion channels in primary cells is extremely complex. We, therefore, needed to
conduct independent experiments to establish the phenotype of ATP's effect on AChR gating
when expressed in heterologous cells
2.2 Materials and Methods
2.2.1 Characterization of ClpA Under Unfoldase Assay Conditions
ClpA was overexpressed and purified as described in Section 1.2.1. Basal ATPase
activity at was determined using the NADH-coupled assay (27). The conditions for this assay
were the same as described in Section 1.2.1, with the exception of temperature (25 °C).
Magnesium (Mg2+)-dependent degradation assays were performed at room temperature
(~26 °C) with 0.2 giM ClpA6, 0.1 9tM ClpP14, and 7.4 jgM GFP-ssrA in phosphate-buffered saline
(PBS), pH 7.5, 0.9 mM CaC12, 0 - 20 mM MgCl 2, and 2.5 mM ATP. Fluorescence loss due to
GFP-ssrA (Ex. = 467 nm, Em. = 511 nm) unfolding was monitored as a function of time. Assays
were performed in triplicate and then analyzed to extract initial rates.
2.2.2 Cloning and Overexpression of AChR and AChR-ssrA
Four pRBG4 expression vectors, each carrying the cDNA for one of the four mouse
muscle AChR subunits, were the generous gift of Prof. Anthony Auerbach (SUNY Buffalo).
The AChR-ssrA plasmid was a gift of Dina Volfson (Licht Group).
Both wtAChR and AChR-ssrA were overexpressed in the method described by Salamone
et al. (52), with the following modifications. Human embryonic kidney (HEK 293) cells, after
reaching -50% confluency, were transiently transfected by calcium phosphate precipitation (60).
For every dish of cells used, 3.6 glg cDNA, in the ratio 2:1:1:1 (a:#:&e), was added to an ice-cold
CaCl 2 solution (final concentration: 250 mM). This mixture was then carefully layered onto an
equal volume of cold buffer (50 mM HEPES, 280 NaC1, 1.5 Na2HPO 4, pH 7.0) and allowed to
stand at room temperature (24-26 "C) for 10-15 min. After this incubation period, the solution
was mixed and allowed to stand for an additional 15 min. Equal volumes of this suspension
were added to each 35-mm culture dish. Approximately 24 hours after transfection, the cell
medium was changed. Electrophysiological recordings were performed 24-48 hours later. Cells
were washed twice with equal volumes of bath solution immediately before use in patch-clamp
experiments.
2.2.3 Electrophysiology
Single-channel recordings were obtained using the cell-attached patch configuration
(61). Patch pipettes were made from borosilicate glass capillaries (World Precision Instruments,
Sarasota, FL, USA) and pulled to a resistance of about 10 MO using an upright puller (Narishige
PP-830; Narishige Group, Tokyo, Japan). After pulling, pipettes were coated with Sylgard (Dow
Coming, Midland, MI, USA) and polished in a microforge (Narishige MF-830). Pipettes were
used within 12 hours of pulling.
The bath solution (DPBS, 0.9 mM CaCl 2, 0.5 mM MgC12, pH 7.2) and pipette solutions
were the same except pipette solutions contained 1-2 jiM acetylcholine (ACh) with varying
concentrations of ATP (0-2 mM) and ClpA6 (0 uM or 0.13 uM). After loading, patch pipettes
were lowered into the bath under positive pressure. Negative pressure was applied upon contact
with the cell membrane, and the membrane potential was held at -70 mV. Currents were
amplified with an Axopatch 200B (Axon Instrument Corporation, USA) and saved directly to
hard disk in digital format. Data from gigaohm seals were analyzed using the QUB
electrophysiology suite [www.qub.buffalo.edu].
2.3 Results
2.3.1 ClpA Activity Under Unfoldase Assay Conditions
The steady-state rate of ATP hydrolysis ClpA at 25 °C was measured (Figure 11).
Analysis of the data generated from these experiments yields a Vmax of 1.1 + 0.2 p.mol
ATP/min/mg ClpA, a KM of 0.7 ± 0.01 mM ATP, and a Hill coefficient of 2.2 ± 0.1.
Comparison of these values with those determined at 37 'C (Section 1.3.4.) shows that ClpA's
rate of ATP hydrolysis at 250C (kcat - 600 min-') is approximately two-fold lower than the rate of
ATP hydrolysis at 37 'C (klat -1,400 min-'). Despite this reduction in activity, the ATPase rate
of ClpA at 25 OC was still found to be much higher than the uncoupled rate of NADH hydrolysis
at 37 'C (kcat - 4 min').
The steady-state rate of GFP-ssrA degradation by ClpAP at room temperature (-26 °C)
was measured. Here, the standard HEPES-based buffer system was replaced by the DPBS
solution used for patch-clamp experiments. MgCl 2 was varied in order to determine the optimal
Mg2+ concentration to use in the patch-clamp assay. A steady-state experiment yielding the
kinetic parameters of GFP-ssrA degradation by ClpAP was conducted. A nonlinear least-squares
fit of the data reveals a sigmoidal dependence of the unfolding rate on magnesium concentration,
with a Hill coefficient of 1.7 ± 0.3, a Vmax of 3.1 ± 0.2 gtM GFP/min/PtM ClpA6P14), and a KM of
-4 mM MgC12 (Figure 12). Maximum enzymatic activity is observed at 20 mM MgCl2 (Figure
12). This result is consistent with data shown by Maurizi et al. (8).
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Figure 11. Basal ClpA ATPase Activity at Room Temperature. The rate of ATP hydrolysis by
ClpA was measured, as a function of ATP concentration, under the following conditions (0.2 igM
ClpA6 in 50 mM HEPES, pH 7.5, 300 mM NaCl, 30 mM MgC12, 0.5 mM DTT, 10% glycerol,
2.5 mM ATP, 0.23 mM NADH, 7.5 mM phosphoenolpyruvate, 19 U/mL pyruvate kinase, and
21 U/mL lactate dehydrogenase, 25 'C). Absorbance was monitored @ 340 nm. Each data
point represents the average value from three repetitions. Error bars represent the standard
deviation of the measurements.
v
[ATP] (mM)
Mg2-Dependence of GFP-ssrA Degradation
3
2
0 'C1
_ 0~
=L
0 5 20
[MgC1 2] (mM)
Figure 12. Mg2+-dependent degradation of GFP-ssrA by ClpAP. The rate of GFP-ssrA
degradation by ClpAP was measured, as a function of MgCl 2 concentration, under the conditions
that simulated the proposed patch-clamp assay (DPBS, 26 'C). Loss of fluorescence was
monitored with excitation @ 467 nm and emission @ 511 nm. Each data point represents the
average value from three repetitions.
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2.3.2 AChR Activity Under Unfoldase Assay Conditions
AChR was expressed in the immortalized human kidney cell line, HEK-293, to separate
the activity of wtAChR from that of other cholinergic channels found in primary cells (62).
Single-molecule data were generated using the cell-attached patch method (Figure 13), and
analysis of these data suggests that, within experimental error, there is no significant change in
either the mean open lifetime or the open probability of the wild-type channel over the range of
ATP concentrations tested (100 - 2,000 giM ATP; Figures 13-16). In addition, no channel
activity was observed in control experiments where ACh was excluded from the patch pipette
solution (data not shown). Our data, in other words, do not support the idea of independent
activation of wtAChR by ATP.
It is important to note that the single-molecule patch-clamp experiments, as well as all
single-molecule experiments, due to their sensitivity, generate data that are noisy. Interpretation
of these data requires an understanding of likely sources of noise (63-68). The data below
exhibit large errors for several potential reasons: 1) interruptions in current flow due to protein
conformational changes (Figures 13-16), 2) heterogeneity in channel microenvironments
(Figures 13-16), 3) post-translational modifications, and 4) the influence of an unknown number
of silent channels (Figure 16) (69). The significance of the difference between the average values
obtained with each ATP concentration was verified via t-test.
2VI
20ms
Figure 13. Representative patch-clamp data. HEK-293 cells were transiently transfected with
wtAChR. The bath solution was DPBS + 0.9 mM CaC12 + 0.5 mM MgCl 2. The pipette solution
was the same buffer + 2 pM ACh + 500 jiM ATP. The data shown are from a continuous 30 s
segment excerpted from a 10 min. recording. All data were collected at 25 'C.
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Figure 14. Representative Histograms of Open Lifetime as a Function of ATP Concentration.
All experiments (A-F) were conducted with wtAChR at 250C in the presence of 2 gM ACh. All
data are included in the open lifetimes averaged in Figure 15 (dead time = 0.5 ms).
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Figure 15. Average open lifetime for a single opening as a function of ATP concentration. All
experiments were conducted at 250C in the presence of 2 AiM ACh. The number of gigaohm
seals analyzed at each condition is indicated beneath the corresponding data point. Each data
point represents the average value of all repetitions. Error bars show the standard deviation from
the mean.
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Figure 16. Average wtAChR product of the number of channels (N) and open probability (Popen)
as a function of ATP concentration. Data and symbols are the same as Figure 15.
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2.3.3 Characterization of AChR-ssrA Activity
The functionality of the AChR-ssrA construct was tested under conditions previously
shown to support wild-type acetylcholine receptor activity (DPBS, 0.9 mM CaC12, 0.5 mM
MgCl 2, 1 gtM ACh, pH 7.2, 25 'C. Preliminary data suggest that the AChR-ssrA construct can
be used to generate functional mutant ion channels (Figure 17). These results are in agreement
with previous studies reporting that epitope tags can be introduced at the C-terminus of neuronal
AChR without damaging channel activity (70).
2.3.3 Preliminary Unfoldase Assays
The functionality of the AChR-ssrA construct was also tested under conditions optimized
to support to support both acetylcholine receptor activity and ClpA ATPase activity (DPBS, 0.9
mM CaC12, 0.5 - 30 mM MgC12, 0 - 20mM ATP, 1 iM ACh, pH 7.2, 250 C). Preliminary data
suggest that ClpA may be able to remove tagged ion channels, as indicated by the reduction in
open probability (N*Popen) between a ClpA-minus control (Figure 18) and a ClpA-containing
experimental counterpart (Figure 19).
2.4 Discussion
Preliminary data for the controls of the electrophysiological unfoldase assay are
presented. We show that AChR-ssrA can be expressed in the heterologous cell line, HEK-293,
that the C-terminal ssrA tag does not inhibit channel activity, and that the presence of
extracellular ATP alters neither the open time nor the open probability of AChR.
Preliminary data for the unfoldase assay is also shown. These data, although initially
promising, must be reinterpreted in light of results from more recent experiments (Licht Group,
unpublished results). Kee-Hyun Choi (Licht Group), upon repeating the electrophysiological
unfoldase assay, saw no evidence that the presence of ClpA decreased the open probability of
AChR-ssrA over time, and Mathew Tantama (Licht Group), who performed western blotting as
an independent means of verifying the ClpA-AChR-ssrA interaction, saw no evidence that a-
AChR-ssrA had been removed from the membrane by ClpA and trapped inside the cavity of the
inactivated protease, ClpP S65G (18), (71).
Based on these results, the conditions of the electrophysiological unfoldase assay must be
further adjusted to optimize the probability of selective ion channel removal by ClpA. One such
modification could be to create C-terminal linkers of varying length so that the ssrA can extend
further into the bath. Alternately, the unfoldase experiment could be conducted at higher
temperature in order to maximize ClpA's catalytic activity.
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Figure 17. Representative AChR-ssrA patch-clamp data. HEK-293 cells were transiently
transfected with AChR-ssrA. The bath solution was DPBS + 0.9 mM CaC12 + 0.5 mM MgCl 2.
The pipette solution was the same buffer + 1 jgM ACh. The data shown are from a continuous 3
s segment excerpted from an 11 min. recording. All data were collected at 25 'C.
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Figure 18. Time-dependence of N-Pope for representative electrophysiological unfoldase assay
control experiment. HEK-293 cells were transiently transfected with AChR-ssrA. The bath
solution was DPBS + 0.9 mM CaC12 + 0.5 mM MgCl 2. The pipette solution was DPBS + 0.9
mM CaC12 + 10 mM MgC12 + 20 mM ATP + 1 jgM ACh. Data shown are from a 40 min
recording idealized in 5 s segments.
Figure 19. Time-dependence of NPopen for representative electrophysiological unfoldase assay.
Data shown are from a 40 min recording idealized in 5 s segments. Conditions are the same as in
Figure 18, except pipette solution also contains 0.13 gM ClpA6.
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